We report on the synthesis of polycrystalline thin films of PbZr 0.3 Ti 0.7 O 3 ͑PZT͒ by the so-called chemical solution deposition technique. The thin films were deposited on Pt/ Ti/ SiO 2 / Si substrates by the spin-coating method, and were heat treateded at 700°C in air and under several oxygen pressures ͑10Ͻ P O 2 Ͻ 60 bars͒. The structural, morphological, and ferroelectric properties were characterized by x-ray diffraction ͑XRD͒, infrared and Raman spectroscopy, atomic force microscopy ͑AFM͒, and polarization-electric-field hysteresis loop measurements. The XRD and the Raman spectroscopy results revealed that the films heat treated in air and at low oxygen pressures ͑P O 2 Ͻ 40 bars͒ are single phase. However, analysis of the data indicated a clear decreasing of the crystallization degree of the films with increasing oxygen pressure. AFM results showed the PZT films display a rosette structure embedded in a matrix, which comprises grains with an average grain size ranging from 60 to 120 nm. Ferroelectric hysteresis loops' measurements performed on these PZT films exhibited a clear decrease of the remnant polarization with increasing oxygen-pressure P O 2 . This study indicated some important effects of the high oxygen-pressure annealing on the physical properties of PZT thin films.
I. INTRODUCTION
Ferroelectrics thin films have been extensively studied in recent years for application in ferroelectric random access memories ͑FeRAMs͒. 1 Compounds with stoichiometry PbZr x Ti 1−x O 3 (PZT), x ϳ 0.3, are some with major potential to be applied to FeRAMs mainly due to their interesting features such as high remnant polarization, high switching speed, and large dielectric constants. 2 Also, for the application in FeRAMs devices such ferroelectric films have to withstand up to 10 15 switching cycles without cell failure. 3 In the case of PZT compounds, such application is restricted by the fact that these continuous switching cycles can lead to a decrease of the polarization values, which is usually called ferroelectric fatigue. 1 In order to improve these properties, several works have been reported on the influence of preparation conditions on the structural, morphological, and ferroelectric properties of PZT thin films. [2] [3] [4] [5] [6] [7] Within this context, PZT thin films have been produced by means of several techniques such as pulsed laser ablation, sputtering, metallorganic chemical vapor deposition, sol-gel, and chemical solution deposition. [8] [9] [10] [11] [12] [13] [14] The electrical properties of these ferroelectrical films prepared through different methods revealed a strong dependence on the structural properties of the thin films such as structural phases, orientation of the desired crystalline phase, and interface structure between the electrode and the thin film. In fact, some authors have reported on the degradation of the polarization, leakage current, breakdown field, and fatigue characteristics related to grain-boundary effects in these compounds. 15, 16 The electric properties of these PZT films are also influenced by the synthesis and the conditions used during deposition or annealing procedure. [17] [18] [19] Some studies revealed that annealing under reducing conditions ͑H 2 +Ar͒ promote an increase of the leakage current and a severe decrease of the ferroelectric polarization in PbZr 0.48 Ti 0.52 O 3 compounds. 17 In addition, measurements of the ferroelectric fatigue in Pb͑Zr, Ti͒O 3 thin films revealed a sensible dependence on the oxygen partial pressure of the atmosphere applied during the measurement. 18 The results of a recent work also indicated that the crystallization degree of PZT thin films is enhanced when a high-pressure crystallization process is performed in air and at temperatures as low as ϳ350°C. Such a procedure resulted in a decrease of the temperature in which the crystallization of these PbZr 0.4 Ti 0.6 O 3 thin films occurs. The authors suggested that such a process would result in a decrease of both the thermal budget and the energy consumption during the thin-film processing for large applications. 19 Based on these arguments, the aim of this work is to a) 1 The PZT 30/ 70 films were deposited on Pt/ Ti/ SiO 2 / Si substrates by a multiplayer spin-coating deposition process, pyrolized after each deposition step, and then subjected to heat treatments in air and under oxygen pressure. The structural, morphological, and ferroelectric properties of these films were investigated in order to verify the influence of the oxygen pressure on the physical properties of these PZT 30/ 70 thin films.
II. EXPERIMENTAL PROCEDURE
Polycrystalline PbZr 0.3 Ti 0.7 O 3 thin films were produced by chemical solution deposition (CSD) method. 14, 20 In this method a polymeric resin of PZT was produced by means of the CSD route. The films were deposited by spin coated technique on Pt͑111͒ / Ti/ SiO 2 /Si͑100͒ substrates, the samples were dried at ϳ150°C in a hot plate, and annealed at ϳ400°C for 4 h. This process was used to deposit five layers in order to reach the desired thickness t ϳ 400 nm. Thus, the films were sintered at 700°C in air and under different oxygen pressures varying from 10 to 60 bars. Such heat treatments were performed in a gas pressure cell, which is inserted in a tubular furnace, an apparatus similar to that described elsewhere. 21 To check the effects of the high-pressure annealing on the structural features of the thin films, x-ray diffraction measurements were performed in all samples by using the Cu K ␣ radiation on a Rigaku D / Max-2400 diffractometer. Typical 2 angular scans ranging from 20°to 60°in steps varying by 0.02°were used in these experiments.
The thin films were also characterized by both infrared and Raman spectroscopy. The first was carried out in an Equinox/55 Bruker Fourier transformed infrared (FTIR) spectrometer. The reflectance spectra of these films were obtained at room temperature in the frequency range 100-1000 cm −1 equipped with a 30°specular reflectance accessory. The micro-Raman measurements were performed at room temperature using the 514.5 nm line of an argon ion laser as the excitation source. The power was kept at 15 mW and a 100ϫ lens was used. The spectra were recorded using a T-64 Jobin-Yvon triple-monochromator coupled to a CCD detector.
Changes in the morphology of the PZT thin films were analyzed by means of atomic force microscopy ͑AFM͒. This characterization allowed obtaining an accurate analysis of the sample surface and the quantification of important parameters such as roughness and the average grain size. The images were analyzed using the Digital Instruments Multimode Nanoscope IIIa (Santa Barbara, CA) software. The film thickness was evaluated observing the cross section of the films using a Zeiss DSM940A scanning electron microscopy.
The dielectric and ferroelectric properties were measured on films in a metal-thin film-metal configuration using a HP4192A impedance/gain phase analyzer. In these measurements gold dot electrodes of 3.15ϫ 10 −2 mm 2 were deposited by evaporation process on the surface of the heat-treat films as top electrodes through a shadow mask. In order to achieve a contact with the platinum bottom electrode, a corner of the film was etched away using a HF+ HCl mixed solution. All the measurements were conducted at room temperature. By using the same film configuration the ferroelectric hysteresis was measured using a Radiant technologies RT6000HVS ferroelectric test system in a virtual ground mode.
III. RESULTS
The effects of the annealing under different oxygen pressures on the crystal structure of PbZr 0.3 Ti 0.7 O 3 ͑PZT 30/ 70͒ thin films were first studied by x-ray diffraction (XRD). Figure 1 shows the x-ray patterns of the films of PZT/ Pt/ Ti/ SiO 2 /Si͑100͒ annealed at 700°C in air and under oxygen pressures as high as P O 2 ϳ 60 bars. The film heat treated in air crystallizes in a tetragonal structure belonging to the space group P4mm and its lattice parameters were calculated to be a ϳ 3.967͑4͒ Å and c ϳ 4.125͑5͒ Å, and the ratio c / a ϳ 1.040. The calculated values of a, c, and the ratio c / a are in good agreement with those reported in the literature for epitaxial PbZr 0.35 Ti 0.65 O 3 thin films grown on SrRuO 3 / SrTiO 3 substrates where a ϳ 3.97 Å, c ϳ 4.15 Å, and c / a = 1.045. 2 Samples annealed under oxygen pressure also display all Bragg reflections belonging to the crystal structure of PZT (see Fig. 1 ), and the calculated lattice parameters a and c were found to be similar to the ones of the film annealed in air, as inferred from the data displayed in Table I . In fact, small differences between the lattice parameters a and c extracted from these films can be attributed to a decrease of the degree of crystallization of the samples, a result of the P O 2 used during the annealing process. The changes in the degree of crystallization are certainly related to the observed increase of the width of the Bragg peaks with increasing P O 2 , as shown in the XRD patterns of Fig. 1 . A careful inspection of the results of Fig. 1 also reveals a decrease of the intensities, which is accompanied by a progressive widening, of the Bragg peaks with increasing O 2 pressure. This feature is easily seen in the shape and height of the peaks belonging to both planes (101) and (110) which occurs close to 2 Ϸ 31.7°. The progressive broadening of the Bragg peaks in films annealed under high O 2 pressures certainly contributes to the small difference observed in the calculated lattice parameters.
The degree of crystallization of these PZT films was estimated from the ratio of the intensities of the (100) reflection belonging to the sample annealed under oxygen pressure related to that of the sample annealed in air. We have found that the degree of crystallization decreases monotonically with increasing O 2 pressure ranging from 100 to 20% for samples annealed in air and at P O 2 ϳ 60 bars, respectively, as displayed in Table I . Such a broadening of the Bragg peaks with increasing O 2 pressure indicates a progressive decrease in size of the regions where the bond lengths are coherent and the translational symmetry is preserved in these films.
The effects related to the annealing process under P O 2 on the PZT thin films were also studied by means of the FT-infrared spectrometry. The Zr/ TiO 6 metal-oxygen octahedral vibrational modes obtained through these measurements indicated changes in the crystal structure of the PZT perovskite phase due to increasing O 2 pressure.
22 Figure  2 displays the FT-IR spectra of the PZT/ Pt͑111͒ / Ti/ SiO 2 /Si͑100͒ films, whose backgrounds were corrected by a careful subtraction of the background arising from the substrate. The spectrum belonging to the film annealed in air (Fig. 2(a) ) exhibits three main spectral peaks occurring at ϳ690, 597, and 552 cm −1 . These peaks are well known in the literature and believed to be related to the Ti-O bond stretching and Pb-O stretching absorbances. 23 The occurrence of these peaks assures the high quality of our films. However, a comparison between the position of these peaks in the whole series revealed small differences probably due to the high-pressure annealing process. For instance, we have observed the presence of broad and less intense peaks in samples annealed in O 2 than those observed for the sample heat treated in air. The spectrum of the latter displays sharper peaks, a feature related to the high degree of crystallization of this thin film and in excellent agreement with the XRD results. Also, the results shown in Fig. 2 indicated a clear splitting of the low frequency modes at ϳ426 cm −1 . In films annealed under oxygen pressure, for example, the one under oxygen pressure of 20 bars, this peak splits in two: one occurring close to −423 and the other one near 440 cm −1 . These modes have been not identified but are related to local changes in the bond lengths of the octahedral Zr/ TiO 6 , a result of the high P O 2 used during the heat treatment.
In order to improve the discussion involving the structural features of these PZT 30/ 70 thin films, they were also characterized by micro-Raman spectroscopy. Figure 3 displays the room temperature micro-Raman spectra of the PZT 30/ 70 thin films heat treated in air and annealed under different oxygen pressures. The PZT perovskite crystal structure was verified by the occurrence of peaks at wave numbers close to 198, 282, 338, and 610 cm −1 . These peaks are well known and have been identified as E͑2TO͒, B I + E, A I ͑2TO͒, and A I ͑3TO͒, respectively. 22 The results of this figure also show that increasing P O 2 results in appreciable changes in the spectral lines. These changes mainly occur in the relative intensity of all modes. In fact, increasing P O 2 seems to result in a progressive decrease of the Raman excitations related to active modes. The progressive decrease in the intensity is much more pronounced for the thin film annealed under 60 bars (Fig. 2(e) ) where only two broad and low intense Raman excitations are hardly observed at ϳ150 and 280 cm −1 . A deeper understanding of these features requires comparison between these Raman spectra and those described in Ref. 22 which reports on the thermal evolution of the ͑Pb, La͒Zr 0.6 Ti 0.4 O 3 films by means of x-ray diffraction and Raman spectroscopy. No appreciable Raman excitations have been observed in films heat treated at low temperatures ͑T Ͻ 500°C͒, even though the x-ray patterns revealed the occurrence of rather broad peaks belonging to the perovskite phase. In addition, films heat treated at relatively low temperatures ͑T Ͻ 500°C͒ were found to have a low degree of crystallization, a characteristic mirrored in the Raman spectra which exhibited no excitation modes in the range 150-300 cm −1 . Therefore, it seems that our results indicate that increasing O 2 pressure results in a decrease of the regions where coherent Bragg reflections are maintained.
An additional comparison of the Raman data shown in Fig. 3 can be made by invoking the results described in Ref. 24 . There, it was reported the results of x-ray diffraction and Raman spectroscopy performed under pressure on PZT 52/ 48 compounds. It was observed that increasing applied pressure during the measurements promotes a significant decrease of the Raman modes. These modes are completely suppressed at applied pressures close to 5 GPa ͑ϳ5000 bars͒. Such a behavior was related to a possible crystallographic-tetragonal-to-cubic-phase transition in PZT 52/ 48 compounds in which a symmetry break induced by disorder has been observed. However, it was important to notice that such a structural phase transition has been not verified in the x-ray data of our PZT 30/ 70 films (see Fig. 1 ). However, the features observed in Fig. 3 can be related to the beginning of such a tetragonal-cubic phase transition since the annealing process used here involves much lower oxygen pressures ͑ϳ60 bars͒ than those of Ref. 24 ͑P Ͼ 5000 bars͒. Therefore, based on the only two excitation modes observed in Fig. 3(e) and the appreciable decrease of the c / a ratio (see Table I ) we infer that the beginning of tetragonal-cubic phase transition may occur in our PZT thin films, even though these results can be related to the decrease of the degree of crystallization of the samples.
The influence of the annealing conditions on the morphology of our PZT thin films were also analyzed by means of AFM images. Figure 4 shows some of the atomic force micrographs belonging to PZT thin films annealed in air and under different oxygen pressures. The morphology of the sample heat treated in air displays a crack-free surface and large grains embedded in a small-grain matrix with rounded shape. We have estimated the average grain size of the smallgrains to be ϳ70 nm and ϳ250 nm of the large ones. We have also obtained large average roughness values of ϳ26.7 nm for a large magnification ͑5 ϫ 5 m͒ and of ϳ4.8 nm in the region of small grains ͑1 ϫ 1 m͒. A careful analysis of this image also suggested the presence of circular rosettes, which, in general, develops from their surrounding nanoscale pyrochlore matrix. A similar microstructure is reported for PbZr 1−x Ti x O 3 thin films grown by RF magnetron sputtering and metallo-organic decomposition techniques. 8, 22 Such rosette structure is more evident in the PZT films annealed under oxygen pressure (see Figs. 4(b)-4(d) ). In addition, it is worth mentioning that the average size of the grains embedded in the rosette became even smaller with increasing oxygen pressure. Such a behavior is reflected in the average roughness values that varied from 17 to 1 nm in samples annealed under 10-60 bars, respectively. Usually, systems which display images similar to the ones shown in Fig. 4 are described as comprising at least two phases: (1) the rosette structure with typical dimensions of 1-4 m which possesses a perovskite-like structure (PZT phase); and (2) a matrix with a pyrochlore-like structure. 8, 22 However, we have not observed any evidence for a PZT pyrochlore-like phase, which displays a Bragg peak close to 2 ϳ 29°, in our x-ray data (see Fig. 1 ). 8 The combined results showed above indicated that increasing oxygen pressure during the annealing process promoted changes in the lattice parameters, the degree of crystallization, and both size and morphology of the grains in the PZT thin films. As these features have a close relation to the dielectric and ferroelectric properties, the films were characterized by means of the measurements of the capacitance as a function of frequency C vs f and through the polarizationvoltage characteristic curves P vs V at room temperature. The results of C vs f characterization (not shown) revealed a progressive decreasing of the dielectric constant K with increasing P O 2 . The results also indicated that the magnitude of K decreases in films with smaller average grain size and lower degree of crystallization. We have observed values of K varying from 130 to 70 for f ϳ 100 kHz and for the PZT films heat-treated in air and under P O 2 ϳ 60 bars, respectively.
The PZT 30/ 70 thin films are described as ferroelectric in nature and usually exhibit hysteresis loops at room temperature. The polarization-voltage characteristic curves of the PZT thin films annealed, heat treated in air and under oxygen pressures as high as 60 bars are shown in Fig. 5 . The results for the film annealed in air display a squareness hysteresis loop, indicating the high quality of this film. The and the coercive field from 154 to 83 kV/ cm for films heat treated in air and under P O 2 ϳ 60 bars, respectively. Such a decrease of P R can be related to: (a) a phase shift from ferroelectric to paraelectric, a result of the decrease of c / a ratio observed in the x-ray characterization (see Table I ); and (b) the structural and morphological changes promoted by the applied P O 2 . These results are of interest and may be compared with similar ones associated with the influence of grain size, the degree of crystallization, and the ratio c / a on the dielectric and ferroelectric properties. 8, 25 For example, a clear increase of the P R from 22 to 32 C/cm 2 has been observed in PZT 50/ 50 thin films when they are subjected to heat treatments in air and at temperatures ranging from 650 to 700°C. 8 Such an increase of P R may be a result of the increase of the volume fraction of the ferroelectric phase with increasing degree of crystallization of such thin film. Within this context, the lower degree of crystallization promoted by the high P O 2 annealing would be related with the decrease of the volume fraction of the ferroelectric phase in our PZT films. Within this context, we argue that the increase of P R is related to changes in both structural and morphological properties of these PZT 30/ 70 films.
IV. DISCUSSION
We have observed that increasing O 2 pressure during the annealing of PZT 30/ 70 thin films resulted in several changes in their structural, morphological, and ferroelectric properties. Based on the results described above and for a better understanding of the complex behavior of these films As far as the degree of crystallization is concerned, it is well known that the stabilization of the amorphous phase in PZT 30/ 70 films has support in experimental observations of the occurrence of negative thermal expansion coefficients in PbTiO 3 compounds. 26 Some recent works on this subject, based on high-pressure annealing of glasses, have discussed the effects of applying pressure on the crystallization kinetics of amorphous solids. [27] [28] [29] It has been argued that there are mainly four kinetic factors controlling the thermal evolution of the crystallization of these glasses: (1) the plastic deformation, (2) atomic diffusion, (3) the crystalline-amorphous interface, and (4) changes in the volume of the unit cell. 29 By applying high O 2 pressure during the annealing process, changes in the volume of the unit cell of PZT 30/ 70 films are expected and, as a result, such a change would result in an enhancement of the optimal annealing temperature in which the crystallization occurs. As the PbTiO 3 compound exhibits negative thermal expansion, the annealing process under applied P O 2 probably promotes large distortions in the cell volume. These features certainly promote a decrease of the crystallization degree of the samples and, as a consequence, a decrease of the remnant polarization, as we have observed here [see the Figs. 6(b) and 6(c)].
The similarities between the Raman spectra obtained in this work and those observed in Ref. 24 suggested a possible beginning of the tetragonal-to-cubic phase transition in PZT films annealed under P O 2 . Such a transition has support in our data by the observed decrease of the c / a ratio and the remnant polarization P R , and by the occurrence of rosettes in the AFM images. These features are consistent with a partial or even local (short range) phase transition which would occur with long range order at relatively higher pressures ͑P O 2 Ͼ 60 bars͒. Experiments under higher pressures are underway to verify a complete tetragonal-to-cubic phase transition in our PZT films.
V. CONCLUSIONS
In summary, we have produced polycrystalline thin films of PbZr 0.3 Ti 0.7 O 3 (PZT) by the so-called chemical solution deposition method. The high oxygen-pressure annealing was found to affect the degree of crystallization, the morphological, and the ferroelectric properties of these films. From the results of XRD and the Raman spectroscopy we have observed a clear decrease of the degree of crystallization of the films with increasing oxygen pressure. Changes in the grain size and morphology of the films were also observed by means of AFM images. These changes on the structural and morphological aspects of the grains have deleterious effect on the ferroelectric properties of these PZT films as evidenced by a clear decrease of the remnant polarization. These features suggested that annealing under P O 2 promoted several changes in the physical properties of PZT thin films.
